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Abstract
The Oregon Climate Service estimated precipitation in Nevada for two 30-year periods, 1961-90 and 1971-2000 , using the computer program, Parameter-elevation Regressions on Independent Slopes Model, or PRISM. The accuracy of PRISM estimates for Nevada has not been evaluated statewide relative to known observation points. The intent of the PRISM model is not to specifically match simulated precipitation amounts to recorded station data, but rather to model large-scale orographic processes. This allows for interpolation to locations beyond the recorded data set assuming those locations have similar physiographic and climatic properties. PRISM provides spatially-estimated averages of long-term precipitation that sometimes are not well correlated to known measured points. The known measuring points do not have associated accuracy ratings, and the PRISM model does not include prediction error relative to the station record. Consequently, for this report a difference of ± 15 percent relative to the recorded data was selected as an acceptable range of error or difference. Two data sets were compiled and used in this study to compare recorded precipitation to PRISM precipitation estimates for the 1961-90 and the 1971-2000 periods, and to the National Weather Service normals and the Western Regional Climate Center averages. The National Weather Service normals, however, are considered to be the most accurate reporting of the 30-year means for both the 1961-90 and the 1971-2000 periods. For the earlier and latter periods respectively, 89 and 85 percent of PRISM estimates were within the acceptable range of error for the National Weather Service data set and 63 and 70 percent were within the acceptable range of error for the Western Regional Climate Center data. However, the percent differences are higher when comparing PRISM estimates to recorded data from some of the highelevation SNOpack TELemtry (SNOTEL) sites and to sites in the 5,500 to 7,500 feet elevation zone.
A statistical difference does not exist at the 95 percent confidence level between the two 30-year National Weather Service means, nor between the 1961-90 National Weather Service and the Western Regional Climate Center averages, hence these two data sets are considered interchangeable. There are, however, statistically significant differences between all combinations of the recorded data sets and the PRISM estimates. In general, the percent differences between the PRISM estimates and the National Weather Service 30-year normals have the narrowest interquartile ranges and the narrowest overall ranges.
Statistical tests using three elevation data sets indicate no significant difference between the U.S. Geological Survey National Elevation Data 30-meter digital elevation model and the PRISM 4-km digital elevation model; however, there are differences between the actual station elevations and the digital elevation model data sets. In general, the larger the elevation difference, the greater the precipitation difference. The largest absolute differences for both the National Weather Service and Western Regional Climate Center data sets coincide with elevation differences of 1,000 feet or more. The spread in differences increases noticeably between the 4,500 feet-8,000 feet range for both National Weather Service and Western Regional Climate Center data. Some of the individual sites with a difference exceeding 25 percent have location or elevation input errors.
There appears to be little correlation between precipitation estimate differences and latitude and longitude.
Mean precipitation volumes using the Hardman precipitation zone map for each of the 232 hydrographic areas in Nevada were compared to the PRISM precipitation volumes for both of the 30-year periods. PRISM estimates of the amount of precipitation for hydrographic areas in the midsection of the State were as much as 37 percent lower than estimates made using the Hardman map. For the northeastern and some areas in the southeastern part of the State, PRISM estimates are within 5 percent of the Hardman estimates. For much of the State outside the central region, PRISM estimates are from 6 to 155 percent greater than precipitation estimates made using the Hardman map. Typically, PRISM estimates correlate best with Hardman volumes for those hydrographic areas with elevations in the 4,000-9,000 feet range.
In comparing the two 30-year periods climatologically, the 1961-90 period has a mix of negative and positive Pacific Decadal Oscillations, a decadal-scale pattern of climate variability that may be more representative for long-term analyses. The distribution of differences between the PRISM data and the recorded data may be the result of overinterpolation between the limited data points, input error in location and station elevation, and possibly the weight given the hypothesis
Introduction
Nevada is the driest of all States, making water an extremely valuable resource to sustain agriculture, industry, mining, and rapid urban growth. Much of the State depends on ground water because few rivers and streams are perennial. Regional water budgets have been developed for much of the State using average annual precipitation to estimate the amount of ground-water recharge (the fraction of precipitation that reaches the water table).
The distribution of precipitation typically is estimated from either long-term precipitation rates generally determined from data interpolated from recorded sites with poorly known accuracy, from isohyetal precipitation maps (Hardman and Mason, 1949; Hardman, 1965) , or more recently from computer modeled precipitation data (Daly and others, 1994) . Reconnaissance-scale water budgets for Nevada used the Hardman and Mason map (1949; Maxey and Eakin, 1949; Eakin and others, 1965; Eakin, 1961) . More recent studies by the U.S. Geological Survey (USGS; Berger, 2000a and 2000b; Nichols, 2000) used 30-year averages generated from the computer program Parameter-elevation Regressions on Independent Slopes Model (PRISM; Daly and others, 1994; Oregon Climate Service, 2004) . The Hardman and Mason (1949) and Hardman (1965) isohyetal map are based on the distribution of vegetation communities in the State and precipitation data collected during the first decades of the 1900s. PRISM is based on the relation between elevation, slope, aspect and the average precipitation for 1961-90 and 1971-2000 . Hydrologic reconnaissance studies of the 1960-70s (Eakin, 1961; Eakin and others, 1965 ) estimated recharge using precipitation data from the Hardman and Mason (1949) and Hardman (1965) maps. Recent estimates of recharge (Berger, 2000a and 2000b) used the PRISM precipitation map which generally estimates more precipitation than the Hardman (1965) map. As a result, revised estimates of recharge in eastern and north-central Nevada (Nichols, 2000; Berger, 2000a) are about 2 to 2.5 times greater than the earlier hydrologic reconnaissance studies. The accuracy of PRISM estimates for Nevada, however, has not been evaluated statewide relative to measured (or recorded) precipitation. Evaluating the accuracy of precipitation estimates made using the PRISM model are needed to evaluate the accuracy of the recharge estimates. Such an evaluation would be useful for assessing aquifer vulnerability (the susceptibility of the aquifer to contamination by recharge), climate diagnostics, streamflow estimation, and other hydrologic, climatic, and atmospheric applications.
Purpose and Scope
This report evaluates the accuracy of PRISM precipitation estimates for Nevada relative to known observation points. This evaluation quantifies the differences associated with PRISM precipitation estimates; identifies areas of Nevada where PRISM over-, under-, or closely estimates recorded precipitation; and compares statewide estimates of precipitation for hydrographic areas using the Hardman (1965) and PRISM maps.
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Precipitation Patterns in Nevada
Precipitation in Nevada is temporally and spatially highly variable, ranging from less than 5 in. to more than 40 in., with an overall average of 9.5 in. when weighing each climate division's precipitation by area (Western Regional Climate Center, 2005a) . The two seasonal weather patterns that bring precipitation to Nevada are broadly referred to as winter cold fronts and summer monsoons (Houghton and others, 1975) . During winter, prevailing westerly winds push cold fronts originating in the Gulf of Alaska across Nevada. Cold fronts typically are long-duration, low-intensity, broad storms that mostly cross northern Nevada yielding relatively low amounts of precipitation. The important precipitation-bearing storms that augment the mountain snowpack are more often cold fronts coupled to more moisture-laden southerly Pacific air flow. During summer, prevailing winds bring monsoonal moisture from the Gulfs of Mexico and California. Monsoons typically are shortduration, high-intensity, localized thunderstorms that are more common in southern and eastern Nevada than in the western part of the State. Relatively few cold fronts reach southern Nevada. Months without precipitation are common between the winter cold fronts and the summer monsoons. A precipitation maximum occurs in the western and south-central parts of the State during winter, in the central and northeastern parts during spring, and primarily in the eastern part during summer. Average annual precipitation is least in the valleys, ranging from less than 5 in. in the southern valleys to 18 in. in Lamoille Canyon on the western side of the Ruby Mountains in northwestern Nevada, to more than 30 in. along the Ruby Mountains crest, and more than 40 in. in the Sierra Nevada (Western Regional Climate Center, 2005b) .
Several climate stations in Nevada ( fig. 1 ; Austin, Boulder City, Fallon Experimental Station, Elko, Mina, McGill, Lovelock, Searchlight, and Winnemucca) have nearly continuous records of precipitation for the past 60 to 100 yrs ( fig.  2 ). Periods of above and below average precipitation last on average from 2 to 10 yrs. Statistical tests to determine whether differences exist in mean monthly precipitation between the nine sites listed in figure 2, for the two 30-yr periods represented by the PRISM data sets (1961-90 and 1971-2000) , and two earlier periods (1916-1945 and 1921-1950) (Michael Dettinger, USGS, written commun., 2001) . PDO variability is strongly expressed in regional snowpack and streamflow anomalies, especially in western North America (Cayan, 1996; Dettinger and others, 1998; Dettinger and others, 2004; Stewart and others, 2005 and 22 El Niño-like PDO years. The past five years suggest a return to a La Niña-like PDO, though that is currently being debated by the atmospheric science community. One difference between the La Niña and the El Niño phases is in the frequency that storms approach from different directions. The PRISM regression focuses on data from similar topographic aspects, thus there may be a tendency to bias the training period in one wind direction or another. This may, in turn, bias the long-term mean results if the PRISM data are used for a period that has a different PDO signature than for the training period used to develop the PRISM data set. From a long-term perspective, the 1961-90 period with its mix of PDO regimes is perhaps the most applicable for current day use.
The spatial distribution of precipitation in Nevada is strongly influenced by latitude and elevation (Houghton and others, 1975) . In general, precipitation increases with latitude and elevation; however, multiple storm tracts and rain-shadow effects on the leeward side of most western and north-central Nevada mountain ranges adds uncertainty to using simple linear precipitation/elevation relations. The most important variable influencing the distribution of precipitation is continentality (Houghton and others, 1975) , which is more commonly called the rain-shadow effect. In Nevada, the prevailing winds are from the west, and as moist air from the Pacific Ocean ascends the western (windward) slopes of the Sierra Nevada and Cascade Range, the air cools, condensation takes place and precipitation occurs. Air descending the eastern (leeward) side of the mountains is warmed by compression and very little precipitation occurs.
The spatial distribution of average annual precipitation was estimated by Hardman and Mason (1949) , Hardman (1965) and later by Daly and others (1994) , and the Oregon Climate Service (2004). Hardman mapped isohyetal contours (bands of equal precipitation) based on the distribution of vegetation communities, topography, and precipitation data collected during the early 1900s. Lacking measured precipitation data at the higher elevations, Hardman and Mason (1949) assigned areas above 9,000 ft as having precipitation greater than 20 in. Data collected since the 1980's from high-elevation SNOTEL stations indicate that average annual precipitation is about 25-50 in. for the higher elevation zones.
The PRISM Model
The PRISM model uses precipitation data from weather stations, elevation data in the form of a digital elevation model (DEM) at a 4-km grid cell resolution, and other spatial data sets in a statistical-geographic framework. Mean annual precipitation values are derived from estimates of 30-yr monthly averages. Based on the premise that, for a localized region, elevation is the most important factor in the distribution of Precipitation estimated using PRISM model, location of PRISM control points and climate stations in Nevada. 1895 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 1885 1890 1895 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2005 2000 1905 1910 1915 1920 1925 1930 1935 1945 1940 1950 1955 1960 1965 1970 1975 1980 1988 1990 1995 2000 2005 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2005 2000 1895 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2005 2000 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2005 2000 1875 1885 1895 1890 1880 1905 1900 1915 1910 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2005 2000 precipitation, linear climate-elevation regression equations were developed to model large-scale landscape features. Regression equations were developed from clusters of contiguous cells using a procedure known as "windowing", producing a moving average from which precipitation is predicted for every DEM cell. Differing equations accommodate the influence of various large-scale topographic orientation (or aspect) and moisture-blocking terrain features, and account for the resolution of the station precipitation data. The effect of variables other than elevation are accounted for in the regression equations by mathematically assigning precipitation data weights based on several factors, which include distance from the PRISM grid cell, elevation, cluster (the effect of several stations in an area), vertical layer (where the grid cell is above or below the inversion layer), coastal proximity, and perhaps one of the more important weighting factors, the "effective" terrain.
PRECIPITATION, IN INCHES

Station data are rarely of sufficient density and accuracy to adequately describe orographic distribution of precipitation. The effectiveness of terrain features in amplifying precipitation depends on the ability of topography to block and lift moisture-bearing air. PRISM is a regional model with a coarse DEM data set of 4 km. To adequately model three-dimensional (3D) precipitation patterns for steeply rising features (thus capturing the appropriate orography) and conversely, not oversimulate orographic effects for gently sloping topography, the elevation of a PRISM grid cell is adjusted to a DEM data set that has been modified to accentuate the dominant terrain features (Daly, 1998) . The modified grid, referred to as "an effective terrain height grid" is created by producing a smoothed "base" elevation grid which is a spatial average of minimum elevations over a specific radius (40 km). The base elevation grid is subtracted from the original DEM. This new elevation grid is spatially averaged resulting in a final elevation data set used to identify climatologically significant 3D features.
Empirically-defined thresholds are determined for the two-dimensional (2D) and 3D model operations. For grid cells whose effective terrain height meets or exceeds the 3D threshold, yielding a 3D index equal to 1, the PRISM regression function operates normally. For a 3D index less than 1, the influence of terrain is gradually diminished and the terrain-related weights (aspect, elevation, and vertical layer) are reduced. For cells with a 3D index of zero, the climate stations are weighed by distance and clustering only, resulting in a 2D interpolation.
The PRISM estimates for Nevada were generated for two 30-yr periods, 1961-90 and 1971-2000 . PRISM precipitation estimates are simulated output from the regression models and, as such, exhibit inherent error or uncertainty. To address the degree of uncertainty in the estimated precipitation values, the authors of the model (Daly and others, 1994 ) calculated 95 percent prediction intervals. This information, however, is not provided in the web-based PRISM documentation for the Nevada map; therefore, error data are not available to evaluate differences between the predicted values and the recorded values.
Methods for Comparing the PRISM Model to Recorded Data
PRISM estimates for both of the Nevada PRISM maps (Oregon Climate Service, 2004b) were based on precipitation data from 209 sites (referred to as "control points") across the State (Christopher Daly, Oregon State University, written communication, 2002) . Figure 1 shows the location of the 209 PRISM control points and 164 sites where long-term precipitation data were collected. Information about the control points (for example, station name, period of record used, whether a control point is a measured site or an estimated value) is proprietary information and precipitation values associated with these sites were not published. Seventy-eight percent of the 209 control sites correspond to known stations with recorded precipitation ( fig.1 ). These include 67 National Weather Service (NWS) sites with a computed 30-yr precipitation average; 26 Natural Resources Conservation Service SNOTEL monitoring sites (SNOTEL records typically began in the 1980s); and 71 other NWS Coop sites archived at the Western Regional Climate Center (WRCC), hereafter referred to as WRCC sites (appendix 1). The remaining 45 sites, 22 percent of the total control points, do not correspond to known climate stations. These stations are assumed to be in the category of data referred to in the PRISM documentation (Oregon Climate Service, 2004b) as "pseudo-stations". Pseudo-stations are climate stations with 30-yr estimates determined using information other than daily measured precipitation. Some of these estimates may represent mean annual estimates from storage gages where precipitation measurements represent an accumulation of precipitation over time rather than hourly or daily or estimates provided by the Nevada State Climatologist (George Taylor, Oregon State Climate Service, oral commun., . Figure 1 also indicates that a number of WRCC sites (about 23 percent of the total) do not correspond to any of the control points, and were assumed to have been omitted from the control data set for unknown reasons. Several points appear to be mismatched, suggesting error in the PRISM control point location attribution. There are several SNOTEL sites outside the State boundary in northwestern Nevada that were not a part of this study's analyses that may have been used in the development of the PRISM estimates.
It was not possible to evaluate the accuracy of PRISM estimates in areas where climate stations do not exist, or to evaluate the accuracy of the "pseudo-stations". Understanding the source and period of record of the PRISM precipitation data is essential in determining whether comparisons made with recorded data are realistic. The 30-yr averages for the 164 precipitation locations listed in table 1 were used in the comparative analyses described in this report. To minimize the uncertainty associated with comparing the PRISM estimates to data from stations with varying periods of records, often with records shorter the PRISM 30-yr period, the station data were evaluated as three separate data sets in order of decreasing correspondence to the two 30-yr periods; the "National Weather Service normals" (hereafter referred to as the NWS normals); the WRCC average; and the 1971-2000 SNOTEL averages, obtained from the Natural Resources Conservation Service (NRCS; 2005). The term "recorded" rather than "observed" or "measured" will be used when referring to climate station data to emphasize that the 30-yr averages often represent estimated values, rather than a mathematical average of measured precipitation events.
Climate Station Averages
Climate station averages for both the NWS normals and the WRCC averages for the 1961-90 and 1971-2000 periods were obtained from the Western Regional Climate Center (Western Regional Climate Center, 2004 ) and compiled in appendix 2. Due to the differences in how the 30-yr averages were computed, precipitation values for the NWS normals and the WRCC 30-yr averages will sometimes differ for the same period. The NWS normals, however, are considered to be the 3 Percent difference value numerically in the middle of the data set.
4 Percent difference value in the 75th percentile.
5 Percent difference value in the 25th percentile.
6 (Interquartile Range) = Absolute difference between the 75th quartile and the 25th quartile.
7 Absolute difference between the maximum value and the minimum value. The four data sets were subjected to statistical tests to determine whether there were significant differences between the means of the recorded data sets. Results from the parametric t-test indicate that there is no significant difference between the two 30-yr NWS normals data sets nor between the 1961-90 NWS normal and the 1961-90 WRCC average, hence these three data sets are considered interchangeable. There are, however, statistically significant differences for certain combinations of the recorded data sets. Specifically, the WRCC 1971-2000 average is greater than both the NWS 1971-2000 and the WRCC 1961-90 average.
PRISM and Climate Station Averages
The PRISM precipitation data and the associated DEM data were obtained for the two 30-yr periods (1961 -90 and 1971 -2000 Oregon Climate Service, 2004b) . The data are digital, raster (grid cell) data at a resolution of 4 km for the State of Nevada, and represent mean annual average precipitation for each 30-yr period. A digital data set of the point observations and their respective mean annual precipitation values were combined with the PRISM data using a geographic information system (GIS), and analyzed with statistical programs. Appendix 2 lists the 30-yr precipitation estimates for each of the 164 climate stations and the source of the data. The two 30-yr recorded data sets and the PRISM grid values were compared and relative percent differences [((PRISM -recorded data)/recorded data) × 100], hereafter known as percent difference, and absolute differences (PRISM minus recorded data) were computed, and basic summary statistics generated.
Scatter plots of the percent and absolute differences, latitude, longitude, recorded station elevation, and PRISM DEM elevation were examined to determine trends.
The Inverse Distance Weighed (IDW) technique (Philip and Watson, 1982) was used to generate statewide maps delineating areas of equal precipitation differences relative to the recorded data. The areas between the recorded data points and the associated percent differences are not to be used as estimates for precipitation differences between PRISM and 'true' precipitation in areas where measured data are absent. Rather, the IDW maps are simply a means of representing spatially the differences for specific data points across the State with interpolated differences between the known data points. IDW interpolation determines grid-cell values using a linearly-weighted combination of a set of sample points. The surface being generated is that of a locationally dependent variable-in this case, the percent difference for each station point. The weight is a power function of the inverse distance, or 1/distance. A higher exponent, or weight, allows the area surrounding the data points to exhibit more influence (thus creating a surface with more detail around the data points). Conversely, specifying a lower exponent influences surrounding areas further away, and the resultant product is a surface with less detail. The current study used a weight of 2, which represents an average weight.
Station Elevations and PRISM Digital Elevation Model Elevation Grid Values
PRISM elevations using 4-km grid cells were compared to the 30-m USGS National Elevation Data (NED) to provide additional verification of the PRISM and station elevations. Site elevation is a critical component of the PRISM regression-based methodology. The NED data was projected to match the PRISM data coordinate system, aggregated to match the PRISM cell boundaries, and a mean areal elevation was computed to match each PRISM cell. Differences between the climate station elevations, PRISM DEM elevations, and the NED elevations are presented in appendix 3.
PRISM and Hardman Precipitation Estimates by Hydrographic Areas
The Hardman precipitation map of Nevada represents a smooth surface defined with lines of equal precipitation developed from weather records and other data collected from 1915 to 1930. Precipitation zones in Hardman's map are defined at large, irregular intervals (for example, less than 5 in., 8 in., 12 in., 15 in., and 20 in.). Areas generally above 9,000 ft were referenced by Hardman as simply "greater than 20 in." (Eakin and others, 1965) . This was attributed to a lack of highelevation climate stations in this early period of record. The 1915-30 period was characterized by normal or below-normal precipitation, illustrated in the long-term station data in figure 2 , while the 1961-90 and 1971-2000 periods were near-normal or wetter-than-normal periods (Dettinger and Schaefer, 1995, p. 195) Several USGS studies used the Hardman precipitation estimates (Harrill and Monroe, 1970, Harrill, 1973; Rush and Kazmi, 1965; Glancy, 1968; VanDenburgh and Rush, 1974) for the early, reconnaissance studies. More recently, the PRISM data has been used (Berger, 2000a; Berger, 2000b; Nichols, 2000) . Reliable estimates of precipitation for a particular station are difficult to derive from the Hardman precipitation map. However, using a digital data set of Hardman precipitation zones, mean precipitation volumes were computed and comparisons were made between the Hardman precipitation zones and both PRISM 30-yr periods, for each of the 232 hydrographic areas 1 (HAs) in Nevada. The resultant data sets were evaluated with statistical tests and percent differences computed. Areas labeled as 'greater than 20 in.' in the Hardman map were set to 20 in. This results in an inherent under-estimation of precipitation volumes for those HAs with significant area above roughly 9,000 ft.
Results
Comparisons were made between the PRISM 1961-90 and the PRISM 1971-2000 data sets and the corresponding NWS and WRCC data sets. Results for each 30-yr period are presented separately in the following sections. For purpose of this report, the authors arbitrarily selected 15 percent as an "acceptable" level of error or difference. This is comparable to the USGS surface-water record rating of "fair" (Stockton and others, 2003) . Basic statistics were computed for the four pairs of data (the PRISM data set for each 30-yr period paired to each of the two recorded data sets) to determine their statistical distributions. Box plots were used to compare and contrast the distribution of percent and absolute differences between PRISM and the recorded data sets (fig. 3) . The whiskers drawn above and below the box represent the 90 th and 10 th percentiles. Values beyond the whiskers in either direction are plotted individually and are defined as "outside values" (Helsel and Hirsch, 1992) .
All of the pairs of data are non-normally distributed (normality assumes a bell-shaped curve where almost all the measurements will be within 3 standard deviations of the mean). All data sets have mean absolute and relative percent differences equal to zero, as determined with non-parametric statistical tests. In general, the distributions of percent differences ( fig. 3 and appendix 1) between the PRISM grid values and the NWS 30-yr precipitation averages have the narrowest interquartile ranges (the differences between the 25 th and 75 th percentiles) and the narrowest overall ranges (the differences between the maximum and minimum values). The differences between the WRCC average and the PRISM grid values have the broadest interquartile ranges and the broadest overall ranges in percent differences. Differences between the three elevation data sets are listed in appendix 3 relative to the station elevation data. With a few exceptions, there is good agreement between the PRISM DEM and the 30-meter data set, and t-tests indicate no statistical difference between the two digital elevation data sets. Differences exist, however, between the reported station elevation and both DEM data sets. Most notably, these locations correspond to stations with large differences between estimated and recorded precipitation. The percent differences between PRISM and the recorded data sets for both 30-yr periods are listed in appendix 4 by station identifier and name.
1961-90 Comparisons
The relation between the recorded data sets and percent difference and absolute difference between the recorded data sets for 1961-90 and the PRISM estimated precipitation is shown in figure 4 . The absolute difference plots have been included to provide a sense of the magnitude of the difference relative to inches of precipitation. Differences relative to latitude and longitude also were examined but for the most part shown little, if any, trend. Comparing the differences to the NWS normals ( fig. 4A ), the largest percent differences are at Tuscarora (55 percent) and at Smokey Valley (-16 percent), though overall the scatter does not indicate a trend. The largest percent difference for the WRCC data set ( fig. 4A ) is at Indian Springs (>100 percent), and nine sites have percent differences greater than 50 percent. The largest absolute differences ( fig. 4B ) for the WRCC data set are +11.5 in. at the Stateline-Harrah station and -6.7 in. at the Red Rock Canyon site. Again the scatter does not show a trend. As discussed earlier, the large differences for these and other sites in the WRCC data set are attributed, in part, to the period of record used to compute the 30-yr average. The absolute differences for the NWS data set ( fig. 4B ) suggest PRISM is within an inch for most of the points. Exceptions are the Tuscarora and the Ruby Lake sites, where absolute differences are +6.7 in. and +3.7 in. respectively.
The relation between station elevation and percent and absolute differences between the recorded precipitation data sets and PRISM estimates ( fig. 5) show that the largest deviations occur when the station elevation is about 6,000 ft. Similarly, the PRISM DEM (not shown) has the largest deviations between 5,500 and about 8,000 ft. For the WRCC data ( fig.  5A ), the percent differences indicate the largest spread of data is between 4,000 and 7,500 ft in elevation. Plots of absolute differences for the recorded data points ( fig. 5B ) indicate that 
Figure .
Percent difference and absolute differences between PRISM estimated precipitation and National Weather Service and Western Regional Climate Center recorded data for 1961-90 and 1971-2000 periods. Shaded area represents PRISM estimates within ±15 percent of the recorded data. Scatter plot of relation between recorded precipitation for National Weather Service and Western Regional Climate Center sites and percent difference (A) and absolute difference (B) between PRISM estimated precipitation and the recorded precipitation for the 1961-90 period. Shaded area represents PRISM estimates within ±15 percent of the recorded data. the largest differences are between 5,000 to 8,000 ft elevations for the WRCC points and between 5,000-6,000 ft for the NWS data set.
A comparison of the percent difference and the PRISM precipitation estimate suggests that, in general, overestimation increases with the magnitude of the PRISM estimate. Exceptions are the North Las Vegas and the Indian Springs sites, where the PRISM estimates (4 and 5 in., respectively) exceed the recorded values by over 100 percent.
A contour map of percent difference between the PRISM estimates and the NWS data ( fig. 6) shows that the PRISM estimates are within 5 percent of the NWS data in most of the State. Percent differences greater than 15 percent coincide with the Tuscarora, Sunnyside, Ruby Lake and McGill sites (appendix 4). Areas where PRISM precipitation estimates are 15 percent or more greater than the station normals are at the Smokey Valley, Orovada 4 WSW, and Boulder City sites. For the WRCC data set ( fig. 7) , most of the State is within the -15 percent to +15 percent range, though several anomalous areas are present. At two sites in southeastern Nevada (Indian Springs and North Las Vegas), PRISM overestimates precipitation by more than 50 percent. In central, northeastern, and western Nevada there are several sites (Tuscarora, Jackpot, Oasis, and Ruby Lake) where precipitation is overestimated by more than 30 percent. At several sites located throughout the State, PRISM underestimates the recorded precipitation by more than 15 percent, specifically the Red Rock Canyon, Blue Eagle Ranch, Blue Jay Highway, and Gerlach sites.
1971-2000 Comparisons
The relation between the recorded data sets and percent and absolute differences between the recorded data sets for 1971-2000 and the PRISM estimated precipitation is shown in figure 8 . The NWS 1971-2000 data set included 23 more stations than for the previous period; however, statistical tests for location and normality are similar to the 1961-90 period. The largest positive percent difference is again at Tuscarora (59 percent) and the largest negative difference is at Red Rock Canyon (-34 percent). Compared to the 1961-90 period, the NWS data ( fig. 3A ) has more stations with a negative percent difference (where PRISM underestimates precipitation at those sites relative to the recorded station data), whereas the distribution of the WRCC data is similar to the earlier period. This is partly due to the WRCC data set having station records that overlap both 30-yr periods. The largest percent difference for the WRCC data set is at Sand Pass (115 percent), three other estimates are more than 50 percent greater than the WRCC average. The largest negative difference is 56 percent at the Blue Jay Highway site. Figure 8 includes data from the high-elevation SNOTEL sites. The percent difference for the SNOTEL high-elevation sites was calculated using the 1971-2000 average reported by the Natural Resources Conservation Service (2005). In general, PRISM estimates at SNOTEL sites are within 15 percent of the reported value, although at most sites PRISM underestimates SNOTEL precipitation ( fig.  3 ). Six sites exceed ± 15 percent difference, with the largest differences in northeastern Nevada at the Hole-in-Mountain (-60 percent) and Diamond Peak (+55 percent) sites. The general pattern is for PRISM to underestimate precipitation at sites with mean annual precipitation greater than 25 in. The data suggest that, in general, the absolute differences for the WRCC and NWS sites increases for sites with more than 10 in. of recorded precipitation ( fig. 8B) .
Plots of differences versus latitude (not shown) for the NWS and the WRCC data suggest that there is a slight trend towards increasing in difference from south to north; however, it is not statistically significant. The relation between station elevation and percent and absolute differences is shown in figure 9 . Both the NWS and WRCC data sets show that the largest differences are in the 6,000 to 7,000 ft range, which is consistent with the distribution of PRISM DEM elevation errors (data not shown). A comparison of the PRISM precipitation estimates and the NWS and WRCC recorded data (data not shown) suggests a tendency for PRISM to overestimate with increasing precipitation.
A contour map of the percent differences for the 1971-2000 period ( fig. 10) indicates that the PRISM data estimates of precipitation are within 15 percent of the NWS data in most of the State. As in previous figures, the areas between the known climate stations are interpolated and cannot be interpreted literally. The anomalous areas in figure 10 are similar in locations to those in figure 6. The map generated for the WRCC sites ( fig. 11 ) includes the 26 SNOTEL sites (red sites). In general, PRISM estimates the SNOTEL 30-yr average within ± 15 percent, with the exception of the following sites, two in eastern Nevada (Ward Mountain and Holein-Mountain), two in central Nevada (Diamond Peak and Big Creek Summit), and one in northern Nevada (Lamance Creek), and one in western Nevada (Mt. Rose Ski Area).
Comparison of Hardman and PRISM Precipitation Estimates by Hydrographic Area
Volume of precipitation for the 232 HAs in Nevada is listed in appendix 5. Absolute and percent differences were computed between estimates of the volume of precipitation from the Hardman (1965) map and from the PRISM data sets for the two 30-yr periods (Appendix 6). In general, the percent differences are similar for both periods. Statistical tests show high correlation between the two PRISM data sets and a significant difference between the Hardman and PRISM volume estimates for the two 30-yr periods. Estimates based on the Hardman map average about 1.5 in. less than the PRISM estimates, with a range of about 6 in. above to about 20 in. below PRISM.
In the middle part of the State ( fig. 12 ), PRISM estimates are less than the Hardman estimates by as much as 37 percent in some HAs. For HAs in the northeastern region, and some HAs in the southeastern region, PRISM estimates are within 
EXPLANATION Percent difference (PRISM-NWS 1961-90)
Less than -15% -14% to -6% -5% to 5% 6% to 15% Greater than 16% Less than -35% -34% to -15% -14% to -6% -5% to 5% 6% to 15% 16% to 50% Greater than 51% 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 
National
EXPLANATION
STATION ELEVATION, IN FEET
EXPLANATION Percent difference (PRISM-NWS 1971-2000)
Less than -15% -14% to -6% -5% to 5% 6% to 15% Greater than 16%
National Weather Service site with 30-year normals and name-Number is percent difference (PRISM-NWS 1971 -2000 4 4
Stead Stead Blue Jay Highway
Blue Jay Highway
Less than -35% -34% to -15% -14% to -6% -5% to 5% 6% to 15% 16% to 50% Greater than 51%
EXPLANATION Percent difference (PRISM-WRCC 1971-2000)
Western Regional Climate Center site and name-Number is percent difference (PRISM-WRCC 1971 -2000 37 37
Natural Resources 
EXPLANATION Percent difference (PRISM-HARDMAN)
-37% to -15% -14% to -5% -4% to 5% 6% to 15% 16% to 50% 51% to 155% Hydrographic-area boundary Figure 12 . Percent difference between estimates of average annual precipitation in hydrographic areas using PRISM precipitation values and Hardman estimates for the 1961-90 period. fig. 13 ) indicate the trend for more precipitation using the PRISM data, and a low coefficient of determination (R 2 ) to the Hardman estimate (50 percent correlation for both periods).
Discussion of Results
For the 1961-90 and 1971-2000 periods, absolute differences between PRISM and NWS precipitation estimates are on average less than one inch for most of the State, whereas the range between PRISM and WRCC estimates is from -3 in. to +3 in., with a few points exceeding 10 in. For areas that receive less than 8 in/yr, this difference is significant. Much of the difference between recorded and estimated precipitation likely is the result of problems in the estimated station elevation. Seventy-eight percent of the NWS and WRCC climate stations are located in the 4,000-6,500 ft elevation zone, often on the leeward side of the mountain ranges, whereas only three stations in the data set are above 7,000 ft. Absolute differences between the PRISM estimates and the recorded data sets are most pronounced for data points at elevations greater than 4,000 ft. The largest absolute differences for both the NWS and WRCC data sets coincide with elevation differences of 1,000 ft or more, between the actual station elevation and the average elevation of the PRISM DEM cell. Inherent problems are associated with comparing a point estimate, whether for precipitation or for station elevation, with the average for a coarse grid cell such as the PRISM DEM or precipitation estimate. The problem is accentuated for cells in areas with varied topography, as is often the case with climate stations located in or near areas of extensive topographic relief. This may explain the increased difference between the PRISM estimates and the recorded data sets for stations in the 5,500-7,500 ft elevation zone. In the recorded data set, stations located in this elevation range account for about 48 percent of all the stations. Although the average percent difference between PRISM and the WRCC and the NWS stations in this elevation range is +5 to +7 percent, the range for the differences is from about -60 percent to +100 percent. This is particularly true for the WRCC stations, where about 25 percent of the stations have differences exceeding 15 percent, whereas several exceeded 50 percent. Differences for the WRCC data set may be accentuated by the use of 30-yr averages that do not, in fact, reflect 30 years of data. When compared to the NWS data, where the normals are computed from measured 30-yr periods of record, the PRISM estimates are acceptable for most of the sites.
Comparison of the NRCS SNOTEL 1971-2000 averages to the 1971-2000 PRISM estimates for the same period indicates that, with the exception of six sites, the PRISM precipitation estimates are within 15 percent of the SNOTEL data. Stations with differences greater than 15 percent are those stations whose elevations differ by more than 10 percent from the PRISM DEM elevations. For example, the elevations for SNOTEL stations, Hole-in-Mountain, Mt. Rose Ski, and Ward Mountain differ by more than 1,700; 1,000; and 2,400 ft respectively, whereas PRISM underestimates precipitation by 60, 42 and 46 percent, respectively.
Although the PRISM DEM elevations correlate to the NED 30-m resolution, the PRISM regression equations use the "effective terrain height" grid, which models large-scale topographic features. The terrain height grid is proprietary and was not available for this analysis, thus comparisons to the 4-km DEM grid to determine PRISM elevation accuracy for individual cells or station points may not be appropriate.
Several of the individual sites mentioned in the text and displayed as anomalous areas on the contour maps have location errors. Some other stations, like Sand Pass with over 100 percent difference and no apparent input errors, may exhibit a localized weather pattern not modeled accurately with the large-scale terrain features of PRISM. Large differences between the PRISM data and the WRCC recorded data also may be the result of discrepancies in the period of record used to compute the 30-yr averages. In general, the difference between the PRISM estimates and the recorded data increases as the PRISM estimate increase. Overall, PRISM tends to underestimate precipitation in the 0-10 in. range and overestimate in the 15-30 in. range. This might correspond to low precipitation areas having lower elevations. The effective terrain grid-mapping technique used by PRISM may smooth out the lower elevation zones to accentuate prominent 3D terrain features. Precipitation-elevation functions were developed initially from sites located on relatively low elevation, gentle slopes, which are well represented by the PRISM DEM grid (Daly and others, 1994) . Extrapolation of the precipitationelevation functions using the effective terrain grid (developed from the 4-km DEM data set) to higher elevation ridges may lead to underestimating precipitation if the effective terrain grid does not resolve localized elevation gradients. Given the small number of high-elevation sites in Nevada, it is difficult to evaluate whether the currently available PRISM precipitation estimates have addressed this potential error.
For HAs in central Nevada with valley floor elevations less than 5,000 ft, PRISM estimates are within 10 percent of estimates made using the Hardman map (Berger, 2001a) . Conversely, for HAs in eastern Nevada where baseline elevations tend to exceed 7,000 ft and have mountainous areas that exceed 9,000 ft, estimates typically are 20 percent higher than the precipitation estimates made using the Hardman map (Eakin, 1961 (Eakin, , 1967 Rush and Everett, 1966; Glancy, 1968; Harrill, 1970; VanDenburgh and Rush, 1974) . The maximum amount of precipitation in the digital Hardman precipitation zones does not exceed 20 in., even in the mountainous areas, thereby accentuating the difference in those HAs with high elevation zones. 
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Summary and Conclusions
The Oregon Climate Service estimated precipitation in the State of Nevada for two 30-year periods, 1961-90 and 1971-2000 , using PRISM, a linear precipitation-elevation regression computer model. PRISM precipitation is a simulated (or modeled) estimate based on several parameters within a statistical-geographic framework. Parameters include elevation, topographic orientation (aspect), inversion layers, and proximity to climate stations. PRISM estimates of precipitation are an average over 4-kilometer grid cells. Precipitation can be estimated at a spatial resolution no better than one half the resolutions of the cell, or 2 kilometers in the case of the PRISM data set (Oregon Climate Service, 2004b). The density of most climate networks resolves only large-scale (greater than 10 kilometers) orographic effects and, for this reason, the overall distribution of PRISM precipitation features is more representative of large-scale orographic features.
The intent of the PRISM model is not to specifically match simulated precipitation amounts to recorded station data, but rather to model large-scale orographic processes. This allows for interpolation to locations beyond the recorded data set assuming those locations have similar physiographic and climatic properties. The PRISM documentation does not provide prediction error relative to the station record and, in addition, NWS, WRCC, and NRCS do not provide accuracy ratings for the recorded data at the climate stations. Consequently, for this report a difference of ± 15 percent relative to the recorded data was selected as an acceptable range of error.
In comparing the two 30-year periods climatologically, the 1961-90 period has a mix of negative and positive Pacific Decadal Oscillations, a decadal-scale pattern of climate variability that are more representative for long-term analyses. The precipitation data used in the development of PRISM, referred to as control points, is proprietary and has not been released to the public. Thus, there is uncertainty in what sources and periods of record were used, whether the data was modified to account for incomplete or poor data, and how the 30-year period mean was computed. The locations of the control points were plotted against known climate station locations, resulting in 64 percent of the control points corresponding to the known sites. Of the total 209 control points, 67 points correspond to NWS sites with 30-year normals for the 1961-90 period, and 92 points correspond to sites with 30-year normals for the 1971-2000 period. The remaining points referenced stations with shorter periods of record, did not correspond to any point, or were assumed to reference a "pseudo-station" where precipitation estimates are from sources other than recorded measurements. The recorded data sets include the NWS normals and the WRCC 30-yr averages. The WRCC average for many sites represents a 30-year mean computed from mean daily values for the actual period of record within the two time periods.
The NWS normals are considered to be the most accurate reporting of the 30-year means for both the 1961-90 and the 1971-2000 periods. Perhaps not coincidentally, the best correlation of PRISM data with the recorded data sets appears to be using the NWS 1961-90 data set. For the 1961-90 period, the PRISM estimates are within 10 percent of the NWS estimates for 59 of the 67 sites, and 62 sites are within 15 percent. Absolute differences between the PRISM and the NWS precipitation estimates are, on average, less than an inch for most of the State. The range in difference between the PRISM and the WRCC data set is from -3 inches to +3 inches, with a few points exceeding 10 in. This difference is significant, particularly for areas that receive less than 8 inches per year. Sixtythree percent of the PRISM estimates were within 15 percent of the WRCC recorded data for the 1961-90 period, and 70 percent were within 15 percent for the 1971-2000 period. PRISM estimates of precipitation are within 15 percent for all but six of the SNOTEL sites used in this study. Some of the error may be attributed to differences between the actual station elevation and the PRISM elevation for the cell containing the station. For those SNOTEL sites where the two elevations match or are close, and the difference exceeds 50 percent, the PRISM precipitation-elevation regression may not accurately model precipitation.
There appears to be little correlation between differences in precipitation estimates and latitude and longitude. Scatter plots of absolute and percent differences relative to the PRISM estimates indicate a slight trend towards increased differences with increased precipitation estimates. In most of the State, the PRISM estimates are within ±15 percent of the recorded values for the NWS and the WRCC stations for both of the 30-year periods, although there are anomalously high and low areas. The differences for interpolated areas between the data points are not be interpreted literally, for these areas cover wide and varied topographic areas. The maps should not be used to adjust point data or make inferences about areas where recorded precipitation is absent. This method of interpolation uses only the available point data, thus the areas between the station sites are interpolated without considering topography and orographic effects. The mapped distribution of differences between the PRISM data and the recorded data are possibly the result of over interpolation between the limited data points, input error in location and station elevation, and the limitations of applying linear regression models where nonlinear relations exist.
The differences between the recorded precipitation and the PRISM estimates are positively correlated to the difference between actual station elevation and the PRISM elevation for the cell containing the station. The largest absolute differences for both the NWS and WRCC data sets coincide with elevation differences of 1,000 ft or more. The spread in differences increases noticeably between the 4,500-8,000 ft range for both NWS and WRCC data.
Comparisons of volume estimates of precipitation by hydrographic area made using the Hardman (1965) data and the PRISM data for both 30-yr periods indicate that PRISM underestimates HA precipitation volumes in the middle part of the State by as much as 37 percent. For HAs in the northeast-ern region and some HAs in the southeastern region, PRISM estimates are within 5 percent of the Hardman estimates. Mean annual precipitation for these HAs range on average from 6 to 13 in. For much of the State outside the central region, PRISM estimates are from 6 to 155 percent greater than Hardman estimates. Typically, PRISM estimates correlate best with Hardman volumes for those HAs with elevations in the 4,000 to 9,000 ft range.
The Oregon Climate Service plans to revise the PRISM map for the State of Nevada and to increase the resolution of the PRISM data set to 900-meter cells. Errors in location and station elevation identified during this and other studies have been provided to OCS. Currently the precipitation-elevation relations developed to distribute precipitation may not be appropriate for all mountainous areas, particularly for leeward slopes. The coarseness of the PRISM grid cells, the sparseness of the long-term precipitation data, and the broad range of differences between the PRISM estimates and the recorded data suggest that the optimum use for this data set is for large-scale studies where long-term averages are required. It is beyond the scope of this study to suggest at precisely what scale of application the PRISM data set might apply, particularly for water budget studies. However, for watershed-scale studies, developing basin-specific precipitation-elevation relations from representative climate stations (ideally in or near the study basin) may be more appropriate.
